Editor's quick points
n This paper proposes provisions to extend the application of current American Association of State Highway and Transportation Officials' AASHTO LRFD Bridge Design Specifications to high-strength concrete (HSC) girders.
n The proposed design provisions are for predicting the ultimate flexural strength of prestressed concrete girders with concrete compressive strengths up to 18 ksi (124 MPa) to include composite action with normal-strength concrete (NSC) deck slabs.
n The experimental program investigated the failure modes of three different types of compression zones: one with NSC only, one with HSC only, and one with both NSC and HSC. Concrete with compressive strengths greater than 10 ksi (69 MPa) is now available commercially as a result of improvements in concrete admixtures and the quality control process in plants. Many researchers have shown that by using HSC, engineers are able to design bridges with longer spans for a given girder cross section or reduce the number of girders by increasing the girder spacing. Adelman and Cousins 2 showed that increasing the concrete design compressive strength from 6000 psi to 8000 psi (42 MPa to 55 MPa) resulted in an average 10% increase in span capability for prestressed girders used in routine bridge design.
Due to these advantages, it is likely that the use of HSC in the design of prestressed girders will continue to increase. However, the uncertainty regarding the applicability of design provisions causes reluctance on the part of designers to use HSC for highway bridge construction. 3 Therefore, a need exists for reassessment of the material properties and the design provisions for the analysis of HSC girders. This need to expand the applicability of the AASHTO LRFD specifications to HSC has been addressed by a series of projects under the direction of the National Cooperative Highway Research Program (NCHRP). The goal of one of these projects, NCHRP project 12-64, was to expand the use of the AASHTO LRFD specifications to reinforced the girder designs required sixteen to twenty ½ in. (13 mm), grade 270 (1860 MPa), 7-wire strands. Each strand was tensioned to 75% of its ultimate strength, or 31 kip (138 kN). All strands were straight and fully bonded over their entire lengths. Figure 1 shows strand configurations for the three design concrete compressive strengths. After concrete was placed in the girders for each design concrete compressive strength, the concrete was moistcured until it reached the required releasing strength. After release of the prestressing strands, the concrete girders were air-cured in the prestressing plant until they were delivered to the laboratory.
For each HSC test girder, fifteen 4 in. × 8 in. (100 mm × 200 mm) cylinders and nine 6 in. × 6 in. × 20 in. (150 mm × 150 mm × 500 mm) prisms were made for each casting to determine the HSC's elastic modulus and modulus of rupture, respectively. The cylinder and prism specimens were cured with the test girders and under the same conditions.
After the girders were delivered to the laboratory, a 5-ftwide (1.5 m) deck slab was cast on one of the three girders, a 1-ft-wide (0.3 m) deck slab was cast on the second girder, and the third girder was left without a deck slab for each of the target concrete compressive strengths. Figure 1 shows the final cross sections for each specimen group.
A local ready-mix concrete producer supplied the concrete used to cast the 8-in.-thick (200 mm) deck slabs. The average 28-day compressive strengths of the concrete used for the 5-ft-and 1-ft-wide (1.5 m and 0.3 m) deck slabs were 4.1 ksi and 5.6 ksi (28 MPa and 38 MPa), respectively. and prestressed concrete members with 18 ksi (124 MPa) compressive strength in flexure and compression.
As a part of NCHRP project 12-64, research was conducted to examine the validity of the current analytical methods used to determine the flexural behavior of typical AASHTO Type II prestressed HSC girders with and without a castin-place normal-strength concrete (NSC) deck. The experimental program validated the stress block parameters currently used to determine the flexural resistance of flanged sections made with HSC. It also addressed the cases where the compression zone was composed of NSC deck and HSC girder in composite action. Test results were used to evaluate the AASHTO LRFD specifications' equations to predict the elastic modulus and modulus of rupture for HSC.
Experimental program
Nine 40-ft-long (12 m) AASHTO Type II prestressed HSC girders were designed and tested to evaluate their flexural responses. They were tested under a static load using four-point bending. The concretes used for the girders were designed to achieve target compressive strengths of 10 ksi, 14 ksi, and 18 ksi (69 MPa, 97 MPa, and 124 MPa). Table 1 shows the mixture proportions of the concretes. All girders were designed based on the AASHTO LRFD specifications. However, several design details were modified to prevent premature failure in shear or bond slippage prior to flexural failure. Shear reinforcement consisted of no. 4 (13M) stirrups at a spacing of 3 in. (75 mm) near the end blocks and 6 in. (150 mm) along the rest of the girder. More detailed information about the test girders can be found in Choi. 4 Standard Concrete Products in Savannah, Ga., produced the girder specimens. The three concrete strengths used for . Test results confirmed that the current equations of the AASHTO LRFD specifications overestimated the modulus of rupture for HSC. Equation (2), which is from ACI 318-05, is therefore recommended to estimate the modulus of rupture for HSC up to 18 ksi (124 MPa):
Five or six characters identify each girder specimen. The first two numbers represent the design concrete compressive strength of the girders, followed by the uppercase letters PS, which stands for prestressed concrete girder. The final one or two characters following the hyphen show the dimensions of the deck slab, using a number to represent the deck width, with either an uppercase letter S to represent slab or an uppercase letter N to represent no slab. For example, 10PS-5S represents a prestressed girder made with 10 ksi design concrete compressive strength and a 5-ft-wide (1.5 m) deck slab.
Load cells monitored the prestressing force in each girder from the start of fabrication to the time immediately before the transfer of prestress. The prestressing force was checked against the elongation of selected strands at the time of jacking. Prior to placing the concrete, two strain gauges were welded (using low voltage) to two strands at the bottom row of each girder to measure the strain changes in the prestressing strands due to elastic shortening, prestress losses, and strains in prestressing strands during load tests. Figure 2 shows an installed strain gauge. Figure 3 shows a schematic view of the test setup and a photo of the typical instrumentation layout. Potentiometers measured the deflections at midspan, loading points, and quarter points along the girder and at the supports. Load was applied in displacement control at a rate of 0.1 in./min (2.5 mm/min) in order to observe crack initiation in the girder. The loading rate was increased to 0.25 in./min (6.3 mm/min) after the prestressing strands yielded. Visual inspection and mapping of the cracks were performed throughout the tests. A high-speed data acquisition system was used to record data from the potentiometers and strain gauges. Tests were terminated after crushing of concrete occurred in the constant-moment region. Table 2 lists the measured material properties of the concrete on the test day for each girder and deck slab. All tests for material properties conformed with ASTM specifications (ASTM C39, 5 ASTM C469, 6 and ASTM C78 7 ). Except for concrete used for girder 18PS-1S, all specimens achieved their design compressive strengths. Table 2 also lists the average elastic moduli obtained from the three control cylinders for each of the nine prestressed AASHTO girders tested for this project. Figure 4 shows the predicted values using the AASHTO LRFD specifications as well as the predictions according to Eq. (1) using 149 lb/ft 3 (2387 kg/m 3 ) as the measured density of the concrete. Equation (1) is the proposed formula 4, 8 to determine the elastic modulus E c for HSC with strengths ranging from 10 ksi to 18 ksi (69 MPa to 124MPa). It was obtained by a statistical analysis of over 4000 test results. Details of the Figure 2 . The photo shows an example of the strain gauges that were welded to two of the bottom strands in each girder to measure the strain changes in the prestressing strands due to elastic shortening, prestress losses, and strains in prestressing strands during load tests.
Material properties and early-age behavior
where E p = modulus of elasticity of strand δ = strand end slippage f pi = initial prestress of the strand just before detensioning
Transfer length
To determine the transfer lengths, the end slippages of six preselected strands were measured using a tape measurement before and after prestress transfer. Equation (3) 9 was then used to determine the transfer lengths l t . 
Girder tests
Load-deflection response and failure mode Figure 6 presents the load-deflection responses at the midspans of the three girders with 5-ft-wide (1.5 m) deck slabs. The figure shows that the initial flexural stiffnesses of all three composite girders were practically the same prior to cracking. Also, the flexural stiffnesses were not affected by the compressive strength of concrete because there were only small differences in the elastic moduli of the three different concretes. In addition, Fig. 6 shows the predicted load-deflection responses using a section analysis program, RESPONSE. 10 The predicted responses agree with the measured responses for the flexural stiffness initially and at ultimate load, while the measured deflection after yielding of prestressing strands is slightly less than the predicted deflection, possibly due to the variation of prestrain for input data. Figure 6 shows that the failure of test specimens occurred gradually due to crushing of concrete within the NSC deck slab. Table 4 compares the measured and calculated losses due to elastic shortening at the bottom level of prestressing strands. The calculated values were based on the AASHTO LRFD specifications Eq. (5.9.5.2.3a-1) with the elastic modulus specified by the current AASHTO LRFD specifications, as well as the proposed Eq. (1).
Elastic shortening
The table indicates that the average loss due to elastic shortening at the bottom level of strands was 7.7%, which is close to the predicted values using the current AASHTO LRFD specifications as well as Eq. (1). carrying capacity near failure due to complete crushing of the NSC deck slab followed by crushing of a portion of the HSC girder flange. Failure of test specimens occurred suddenly after crushing of the deck slab followed by crushing of the top flange of the HSC girder. Figure 7 shows the buckling of the longitudinal reinforcement and prestressing strand in the compression zone. Figure 8 shows the measured and predicted loaddeflection responses of the three girders without a deck slab. The three girders without a deck slab exhibited similar behavior to that of the composite HSC girders except that the failure mode was more brittle. For the girders without a deck slab, Fig. 8 shows that the failure occurred suddenly, followed by the buckling of prestressing strand in the compression zone. In two of the three cases-girder without a deck slab and girder with a 1-ft-wide (0.3 m) deck slab-the sudden crushing of the compression zone also led to immediate crushing of concrete in the web. 
Cracking moment
where S bc = composite section modulus f ce = compressive stress due to effective prestress only at the bottom fibers f d/nc = stress due to non-composite dead loads at the same load level
When predicting the cracking moment, two different values were used for f r : that specified by the current AASHTO LRFD specifications article 5.4.2.6 and the one recommended in Eq. (2). The predicted cracking moment depends on the modulus of rupture. For all girder specimens, the results continued on page 65 the short-term prestress losses occurring from the time of release to the time of testing and do not include the longterm prestress losses of the nine girder specimens.
Flexural strength
The flexural strengths of all girder specimens were calculated using three different approaches. In the first approach, the AASHTO LRFD specifications Eq. (5.7.3.2.2-1) was used with the current values of α 1 and  1 in the specification. In the second approach, Eq. (5) and (6) were used to determine α 1 and  1 as the new recommended relationships. 
continued from page 61
in Table 5 indicate that the predicted cracking moment using the proposed modulus of rupture produced conservative results. The results suggest that the recommended Eq. (2) for the modulus of rupture is more appropriate to determine the cracking moment of prestressed HSC girders.
After initial cracking was observed, each test girder was unloaded. On the girder's second loading, the moment that caused the crack to reopen was recorded. Based on these two moment measurements and the rupture modulus, the loss of prestress at the time of test was calculated. 8 The calculated prestress loss varied from 7.3% to 13.9% for the nine test girders, with an average of 11%. This loss compares with an average of 15.1% based on AASHTO LRFD specifications and an average of 14.9% based on Eq. (2) for the rupture modulus. 8 These loss values represent only LRFD specifications can be used to predict the flexural strength when the compression zone is within the NSC deck slab.
For the composite girders with the 1-ft-wide (0.3 m) deck slabs, the current AASHTO LRFD specifications do not provide clear recommendations on how to determine the flexural strength of a section when the compression zone includes two different concrete compressive strengths. Because the neutral axis was located below the deck, the compression zone required two different concrete stressstrain distributions. However, for simplicity, the stress distribution in the compression zone may be assumed conservatively using the stress-strain relationship of NSC. Therefore, the equivalent rectangular stress block can be determined with the recommended method.
The computed flexural strengths using the recommended method were about 12% to 14% less than the measured flexural resistance. These results in Table 7 indicated that this method can be used to safely determine the nominal flexural strength M n . The predicted nominal flexural strength based on the strain compatibility with the measured material properties showed more accurate results within a ±1% difference of the measured flexural strength. 
where f c ' is in ksi α 1 = stress-block parameter
The third approach was based on strain compatibility, force equilibrium, and the actual stress-strain relationship of the concrete obtained from tests of control cylinders.
For the composite girders with the 5-ft-wide (1.5 m) deck slabs, the flexural strength depended on whether the neutral axis was located in the flange or in the girder. Because the neutral-axis depth c was located in the deck concrete, the composite girder behaved as a rectangular section. The stress-block parameters for computing the flexural strength of the composite HSC girders could be determined using the current AASHTO LRFD specifications. Table 6 shows the comparisons between the measured and predicted values of flexural strength of the three girders with 5-ft-wide deck slabs using the three approaches mentioned previously. The comparisons indicate that the current AASHTO 
Conclusion
The flexural behaviors of prestressed HSC girders with and without deck slabs were investigated, including the material properties and their early-age behaviors. Based on the experimental results, the following conclusions were drawn:
The current AASHTO LRFD specifications equation Nine 40-ft-long (12 m) AASHTO Type II HSC girders were tested with and without cast-in-place NSC decks of differing widths to achieve various possible modes of failure. The concrete used for the girder was designed for three target compressive strengths of 10 ksi, 14 ksi, and 18 ksi (69 MPa, 97 MPa, and 124 MPa).
The experimental program investigated failure modes of three different types of compression zones: one with NSC only, one with HSC only, and one with both NSC and HSC. All girders were tested to failure under static loading to study the different limit-state behaviors, including prestress losses, initiation of cracking, yielding, and final failure mode.
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